Post-irradiation complications including thrombus formation result from increased procoagulant activity of vascular endothelial cells and elevated levels of von Willebrand factor (VWF) contribute to this process. We have previously demonstrated that irradiation induction of the VWF is mediated through interaction of NF-Y transcription factor with its cognate binding site in the VWF promoter. We have also demonstrated that irradiation increases the association of NF-Y with histone acetyltransferase p300/CBP-associated factor (PCAF). We now report that irradiation decreases the association of NF-Y with histone deacetylase 1 (HDAC1). We demonstrate that irradiation-induced changes in association of NF-Y with HDAC1 and PCAF lead to increased PCAF recruitment to the VWF promoter, increased association of acetylated histone H4 with the VWF promoter and subsequently increased transcription. We also demonstrate that this process is correlated to dephosphorylation of HDAC1 and is inhibited by calyculin A, an inhibitor of protein phosphatase1.
Introduction
NF-Y is a heteromeric transcription factor that consists of A, B and C subunits, all of which are necessary for DNA binding (Maity and de Crombrugghe, 1998) . The target genes for NF-Y include housekeeping, cell type-specific, inducible and cell cycle-regulated genes (Mantovani, 1998 (Mantovani, , 1999 . The role of NF-Y in directly regulating gene expression in response to DNA damaging agents, ultraviolet (UV) and ionizing radiation has been reported (Hu et al., 2000; Bertagna and Jahroudi, 2001; Jin et al., 2001) .
We have previously reported that ionizing irradiation induction of von Willebrand factor (VWF) gene, a gene that is highly endothelial specific, is also mediated through NF-Y. VWF is a glycosylated protein that functions as a mediator of platelet adhesion to damaged subendothelium and acts as a carrier of coagulation factor VIII. Deficiencies of VWF lead to von Willebrand disease while high-circulating VWF levels constitute an independent risk factor for cardiovascular mortality (Rodeghiero, 2002) . Irradiation therapy is a major cause of thrombus formation, which is also associated with increased levels of VWF (Fajardo, 1996) .
Analysis of the VWF promoter activation in response to irradiation demonstrated that NF-Y interaction with a CCAAT element (located at -14 with respect to transcription initiation site) was necessary to confer irradiation responsiveness to the promoter. The NF-Y's DNA binding or level of expression in endothelial cells was not affected by irradiation. In contrast, irradiation increased NF-Y association with p300/CBP-associated factor (PCAF) that is a coactivator with histone acetyltransferase activity (Bertagna and Jahroudi, 2001) . A major role for histone-modifying cofactors as regulators of NF-Y function is demonstrated in various processes including UV irradiation (Jin and Scotto, 1998; Caretti et al., 2003) . Although NF-Y was reported to mainly function as a transcriptional activator, repressive functions for NF-Y were also reported (Adachi et al., 2000; Manni et al., 2001; Peng and Jahroudi, 2002) . We have previously reported that NF-Y functions as both a repressor and activator of the VWF promoter, depending on its binding site and association with histone-modifying cofactors. While NF-Y association with histone acetyltransferase PCAF mediates its activating function, its association with histone deacetylase (HDAC) mediates its repressive function Jahroudi, 2002, 2003) . In this study, we demonstrate that irradiation changes the pattern of NF-Y association with HDAC1 as well as PCAF and this process leads to upregulation of VWF promoter.
Results

Irradiation decreases the association of NF-Y and HDAC1
Based on observations that NF-Y's function is influenced through its association with histone-modifying cofactors, including PCAF and HDAC1, and that irradiation increases NF-Y association with PCAF, we carried out experiments to determine the effect of irradiation on association of NF-Y with HDAC1.
Human umbilical vein endothelial cells (HUVECs) were irradiated with a dose of 20 Gy as described previously (Bertagna and Jahroudi, 2001 ) and nuclear extracts were prepared from control and irradiated cells, 4 h post-irradiation. Nuclear extracts were subjected to immunoprecipitation (IP) with anti-NF-YA antibody and western blot analysis with anti-HDAC1 antibody. The results demonstrated that the association of HDAC1 and NF-Y was significantly reduced in irradiated cells compared to control (Figure 1a) . Similar results were obtained when nuclear extracts were immunoprecipitated with anti-HDAC1 antibody and subjected to western blot analysis with the anti-NF-YA antibody ( Figure 1b ). There were no changes in total level of HDAC1 (Figure 1c ), and we have previously shown that there are no changes in levels of NF-YA in irradiated compared to control cells (Bertagna and Jahroudi, 2001) .
Irradiation results in dephosphorylation of NF-Y Changes in pattern and/or levels of phosphorylation are common mechanisms that participate in regulating the function of many transacting factors and signaling molecules. Thus, we proceeded to determine whether irradiation results in any changes in phosphorylation patterns of NF-Y's subunits, which may effect its interaction with PCAF and HDAC1. NF-YA, B and C subunits from control and irradiated HUVECs were immunoprecipitated with corresponding-specific antibodies and subjected to western blot analyses with antiphosphotyrosine and anti-phosphothreonine antibodies. The results demonstrated that the levels of tyrosine phosphorylation of the NF-Y subunits and threonine phosphorylation of NF-YA and B subunits were not significantly altered by irradiation (Figure 2 ). However, there was a significant decrease in the threonine phosphorylation of NF-YC subunit in irradiated cells compared to control ( Figure 2c , bottom panel; also Figure 2h ).
Calyculin A, an inhibitor of protein phosphatase1, inhibits the effect of irradiation on induction of the VWF promoter, decreased association of NF-Y with HDAC and increased association of NF-Y with PCAF Based on the decreased threonine phosphorylation of NF-YC in response to irradiation, we hypothesized that irradiation activates Ser/Thr phosphatases that mediate this process. Consistent with this hypothesis, irradiation is reported to activate Ser/Thr phosphatase protein phosphatase1 (PP1) (Guo et al., 2002) . To explore whether PP1 participates in irradiation-induced modulation of NF-Y function, we first explored the consequences of PP1 inhibition on the irradiation induction of the VWF gene that is a target of NF-Y. We used calyculin A, a known inhibitor of phosphatases PP1and PP2A (Barford et al., 1998) , at a concentration of 2 nM (which was reported to be most effective specifically as an inhibitor of PP1 (Ishihara et al., 1989) ). We determined levels of VWF secretion in HUVECs that were untreated or treated with calyculin A in control and irradiated cell. The results demonstrated that calyculin A significantly reduced the irradiation-induced release of VWF (Figure 3a) . Then, we determined the effect of calyculin A on irradiation induction of the transgene (plasmid HGH-1E) containing the irradiation-responsive VWF promoter fragment (sequences À90 to þ 22 containing the NF-Y-binding site) fused to the human growth hormone gene. Heterogeneous population of bovine aortic endothelial (BAE) cells that were stably transfected with HGH-1E were maintained as control, or irradiated in the presence or absence of calyculin A. The levels of expressed growth hormones were determined as indicator of the promoter activity. The results demonstrated that, as previously reported, irradiation increased growth hormone expression in transfected cells that were not treated with calyculin A (Bertagna and Jahroudi, 2001) . However, calyculin A treatment significantly inhibited irradiation induction of the VWF promoter ( Figure 3b ).
Next we explored the consequences of calyculin A treatment on NF-Y interactions with HDAC1 and PCAF. Nuclear extracts were prepared at 4 h postirradiation from control and irradiated HUVECs that were either untreated or exposed to calyculin A treatment. Nuclear extracts were immunoprecipitated with anti-NF-YC antibody and subjected to western blot analysis using anti-HDAC1 antibody. The results demonstrated that calyculin A treatment significantly inhibited irradiation-induced decrease in association of NF-Y with HDAC1 ( Figure 4a) . Nuclear extracts were then immunoprecipitated with anti-NF-YA antibody and subjected to western blot analysis using anti-PCAF antibody. The results demonstrated that treatment with calyculin A completely abrogated the irradiation-induced 
Calyculin A does not inhibit irradiation-induced dephosphorylation of NF-YC, but it inhibits irradiationinduced dephosphorylation of HDAC1
The above results demonstrated that irradiation-induced threonine dephosphorylation of NF-YC is concomitant with decreased association of NF-Y with HDAC1 and its increased association with PCAF, and that calyculin A abrogates the latter two events as well as irradiation induction of the VWF gene. Thus, we explored whether calyculin A inhibits NF-YC dephosphorylation in response to irradiation. Nuclear extracts were prepared at 4 h postirradiation from control and irradiated HUVECs that were either untreated or exposed to calyculin A treatment. Nuclear extracts were immunoprecipitated with anti-NF-YC antibody and subjected to western blot analysis using anti-phosphothreonine antibody. The results demonstrated that calyculin A treatment did not inhibit irradiation-induced dephosphorylation of NF-YC, suggesting that irradiationinduced NF-YC dephosphorylation is not due to PP1 activity ( Figure 4c ). We demonstrated that calyculin A treatment significantly inhibits irradiation-induced dissociation of NF-Y and HDAC1. Also, it is well established that HDAC1 is dephosphorylated through PP1 activation in response to irradiation (Guo et al., 2006) . Thus, we hypothesized that irradiation-induced dissociation of the HDAC1-NF-Y complex may be due to PP1-dependent dephosphorylation of HDAC1.
To test this hypothesis, nuclear extracts were prepared at 1 h postirradiation from control and irradiated HUVECs that were either untreated or exposed to calyculin A treatment. Time point (1 h) was chosen for these analyses since the report by Guo et al. (2006) demonstrated that the effect of irradiation on PP1-HDAC1 complex was maximally observed at 1 h postirradiation and diminished at later times. Nuclear extracts were immunoprecipitated with anti-HDAC1 antibody and subjected to western blot analysis using first an anti-phospho-Ser/Thr antibody and then anti-PP1 antibody. The results demonstrated that irradiation significantly decreased Ser/Thr phosphorylation of HDAC1, as well as PP1 association with HDAC1, and that both these events were completely abrogated by calyculin A treatment (Figure 4d ).
NF-Y mediates association of PCAF with the VWF promoter and PCAF recruitment to the VWF promoter is increased in response to irradiation We demonstrated that a decrease in association of NF-Y with HDAC1 in response to irradiation was concomitant with an increase in association of NF-Y with PCAF as well as an increase in transcriptional activation of NF-Y target gene VWF. Thus, we explored whether increased association of NF-Y with PCAF results in increased recruitment of PCAF to the VWF promoter. First, we determined whether PCAF is recruited to the VWF promoter, and whether such recruitment is dependent on NF-Y.
We carried out chromatin IP of the VWF promoter in BAE cells that were stably transfected with plasmid HGH-1E (containing the wild-type VWF promoter sequences À90 to þ 22) and 1E-NF-Y (containing the VWF promoter sequences À90 to þ 22 with mutation in CCAAT element that is the NF-Y-binding site) ( Figure 5a ). As previously reported, the basal level of the mutant VWF promoter (1E-NF-Y) was reduced compared to the wild type and the irradiation induction of the mutant promoter was abolished (Figure 5b ). We used these stably transfected cells to carry out chromatin IP using anti-NF-YA, anti-PCAF and anti-HDAC1 antibodies. Immunoprecipitated chromatins were subjected to PCR analysis with primers that specifically amplified the VWF-HGH transgene (including the VWF sequences that contained the NF-Y-binding site) as described in 'Materials and methods' section. The results demonstrated that while NF-Y, PCAF and HDAC1 interacted with the wildtype VWF promoter (Figure 5c, lanes 3-6) , the association of the mutant VWF promoter with NF-Y and PCAF was abolished (Figure 5c , lanes 7 and 8). However, a low level of association of HDAC1 with the mutant VWF promoter was detected (Figure 5c, lane 9 ). These results demonstrate that PCAF is recruited to the VWF promoter through its interaction with NF-Y, while HDAC1 may be recruited to the VWF promoter independent of NF-Y, as well as potentially through NF-Y. Chromatin IP analyses on endogenous VWF promoter in HUVECs also demonstrated that NF-Y, PCAF and HDAC1 are associated with the endogenous VWF promoter (Figure 5d ). 
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Next to directly demonstrate whether irradiation increases association of PCAF with the endogenous VWF promoter, we carried out similar chromatin IP as described in Figure 5d but the immunoprecipitated chromatins were subjected to quantitative real-time PCR. The results demonstrated that irradiation significantly increased the level of PCAF association with the VWF promoter, while there were no significant changes in the level of NF-Y and HDAC1 association with the VWF promoter (Figure 5e ). The observed lack of significant change in association of HDAC1 with the VWF promoter may be due to association of HDAC1 with the VWF promoter that occurs independent of NF-Y, as observed in chromatin IP demonstrating certain levels of HDAC1 association with the VWF promoter containing the mutation in NF-Y-binding site.
NF-Y mediates increased association of the VWF promoter with acetylated histone H4 in response to irradiation
The above results demonstrated that increased association of PCAF with NF-Y was directly translated into increased PCAF recruitment to the VWF promoter.
Thus, we explored whether irradiation-induced increase in recruitment of PCAF to the VWF promoter corresponds to increased acetylation of histones that are associated with the VWF promoter.
To test this hypothesis, we carried out chromatin IP of the VWF promoter in BAE cells that were stably transfected with plasmid HGH-1E and 1E-NF-Y (as described above for Figure 5 ). Stably transfected cells were untreated, treated with calyculin A, irradiated or treated with calyculin A and irradiated. Chromatin IPs were carried out using anti-acetylated histone H3 and anti-acetylated histone H4 antibodies. Immunoprecipitated chromatins were subjected to real-time quantitative PCR, using primers that selectively amplified the VWF-HGH transgenes as described in experimental procedures.
The results demonstrated that irradiation increased the association of acetylated histone H3 and H4 with the wild-type VWF promoter (HGH-1E) and that the level of this increase for acetylated histone H4 was significantly greater compared to the increase observed for acetylated histone H3 (Figure 6 ). The phosphatase inhibitor (calyculin A) abrogated the irradiation-induced increased association of the acetylated histone H4 Lanes 6 and 10 contain the input chromatins that were not subjected to IP. (d and e) Chromatin IP analyses were performed using HUVECs that were irradiated or maintained as control. The antibodies used for IP were as described in panel (c). The immunoprecipitated chromatins were subjected to PCR (d) and quantitative real-time PCR (e) using primers that specifically amplified endogenous VWF gene promoter as described in 'Materials and methods' section. In quantitative real-time PCR, the ratio of quantitative output in irradiated vs nonirradiated with each antibody after normalizing to no antibody control is shown by bar graph. Results represent analyses of three to four independent experiments for each antibody.
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Y Peng et al with the VWF promoter, while it had no significant effect on the modest irradiation-induced increase in the association of acetylated histone H3 with the VWF promoter ( Figure 6 ). Association of acetylated histone H4 with the VWF promoter containing a mutation in the NF-Y-binding site was significantly lower than that of the wild-type in both control and irradiated cells ( Figure 6 ).
Discussion
In this study, we explored the mechanism of irradiationmediated changes in NF-Y association with histonemodifying cofactors and its consequences on regulation of its target gene VWF. We demonstrated that ionizing radiation decreased association of NF-Y with HDAC1, while it increased its association with PCAF. The increased PCAF association with NF-Y resulted in increased association of PCAF with the VWF promoter and consequently increased association of acetylated histone H4 with the VWF promoter, which is consistent with increased promoter activity. We demonstrated that irradiation-induced activation of the VWF gene and increased association of acetylated histone H4 with the VWF promoter were inhibited by calyculin A, an inhibitor of PP1/PP2A, at a concentration that predominantly inhibits PP1. Calyculin A also inhibited irradiation-induced changes in association of NF-Y with HDAC1 and PCAF.
Irradiation invokes many signaling pathways that participate in modification of downstream transcription factors and as a result regulate activation of their target genes (Weichselbaum et al., 1994; Edwards et al., 2002; Criswell et al., 2003) . Specifically, activation of PP1 in response to irradiation was demonstrated (Guo et al., 2002) . PP1 is reported to interact with HDAC1 and is found in many complexes that include various HDACs (Brush et al., 2004) . Irradiation was recently shown to result in dissociation of PP1 from HDAC1 in a complex containing HDAC1-PP1-Rb, and this was associated with dephosphorylation of Rb as well as HDAC1 (Guo et al., 2006) . Consistent with this study, our analyses also demonstrated that irradiation results in dephosphorylation of HDAC1 and dissociation of PP1 as well as NF-Y from HDAC1 and that these events were abolished by calyculin A treatment. We also observed dephosphorylation of NF-YC subunit, but this was not abolished by calyculin A treatment suggesting that a PP1-independent mechanism may be responsible for irradiation-induced dephosphorylation of NF-YC.
Based on these observations, we propose the following hypothesis (represented in Figure 7 ) to describe the events that lead to irradiation induction of the VWF. NF-Y interacts with both PCAF and HDAC1. PP1, HDAC1 and NF-Y are present in a complex. Irradiation invokes a signaling pathway leading to activation of PP1, which dephosphorylates the associated HDAC1. Dephosphorylated HDAC1 dissociates from PP1 and NF-Y. This results in an increased pool of NF-Y that is available to interact with PCAF, leading to increased recruitment of PCAF to the VWF promoter. Increased association of PCAF with the VWF promoter consequently results in increased acetylation of the VWF promoter-associated histone H4 and thus leads to increased transcription of the VWF gene.
Based on the above hypothesis, irradiation-induced dephosphorylation of NF-YC does not contribute to increased association of NF-Y with PCAF. This is based on our result demonstrating that while calyculin A treatment inhibits irradiation-induced association of NF-Y with PCAF, it does not inhibit dephosphorylation of NF-YC. However, we cannot rule out the possibility that our experimental approach may not be sufficiently sensitive to detect potential changes in phosphorylation of single amino acid residues. Analysis of the predicted phosphorylation sites in the NF-YC (using NetPhos 2.0 Server-prediction results) demonstrated that while there were no tyrosines that were predicted as targets of phosphorylation (consistent with the observed lack of tyrosine phosphorylation in Figure 2c ) five threonines and five serine residues were identified as potential targets of phosphorylation. Thus, different residues may be targets of different phosphatases and their dephosphorylation collectively may contribute to high levels of dephosphorylation observed in response to irradiation. One or few of these residues may be targets of PP1, and calyculin A treatment may prevent their dephosphorylation, but we may not have detected that due to overall decrease in phosphorylation of NF-YC. Central role of NF-Y in regulation of many genes and its association Figure 6 Irradiation induces the VWF promoter activity and increases acetylation of histone H4 associated with the VWF promoter. Chromatin IP analyses were performed using heterogeneous populations of HGH-1E stably transfected BAECs that were maintained as control (C), exposed to irradiation (R), treated with calyculin A (Cal A) or treated with Calyculin A and exposed to irradiation (CalA þ R). Similarly, heterogeneous populations of BAECs, which were stably transfected with plasmid 1E-NF-Y and maintained either as control or irradiated were also subjected to chromatin IP analyses. All analyses were performed at 4 h postirradiation using anti-acetylated histone H3 (represented by open bar) or anti-acetylated histone H4 (represented by solid bar) as described in 'Materials and methods' section. The quantitative real-time PCR was utilized to determine the amounts of the VWF promoter fragment DNA copies that were associated with acetylated histone H3 and H4 in each sample's input and output fractions. The ratio of quantitative output vs input is shown by bar graph, which represents the results of two independent experiments.
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with multiple factors including p300, GCN5 and P53 may implicate a role for PP1-independent irradiationinduced dephosphorylation of NF-YC in its association with other factors.
Materials and methods
Cell culture, irradiation, transfection, VWF and growth hormone analysis HUVECs and bovine aortic endothelial cells (BAECs) were maintained as previously described (Dichek and Quertermous, 1989; Jahroudi and Lynch, 1994) . HUVECs at passages 2-5 were utilized for all analyses. Cells were irradiated with a single dose of 20 Gy at the rate of 4 Gy per min, using a cesium-137 irradiator (Mark I-68, Jlshepherd & Associates, San Fernando, CA, USA). Plasmids HGH-1E and 1E-NF-Y were generated and stably transfected into BAECs as previously described (Bertagna and Jahroudi, 2001) . Calyculin A was obtained from BIOMOL Research Laboratories Inc. (Plymouth Meeting, PA, USA). Levels of secreted VWF and growth hormone were determined using the VWF ELISA kit (Helena Laboratories, Beaumont, TX, USA) and human growth hormone assay ELISA kit (Roche Molecular Biochemicals, Mannheim, Germany) as described by manufacturers.
Immunoprecipitation and western blot analysis Western blot and IP/western blot analyses were performed as previously described (Bertagna and Jahroudi, 2001) . The antibodies used are described in Supplementary Information. For quantitative analyses, western blots were scanned using Hewlett-Packard Scanjet scanner and the intensities of the band were determined by Kodak 1.D 2.0 Image Analysis Software (Kodak Scientific Imaging System, New Haven, CT, USA). Relative intensities of bands were evaluated as a percentage of the paired control in each experiment.
Chromatin immunoprecipitation, PCR and real-time quantitative PCR analysis
Chromatin IP and PCR analyses were performed as previously described (Peng and Jahroudi, 2002) . Quantitative real-time PCRs were performed with SYBRGreen kit (ABI Foster City, CA, USA) and the LightCycler 2.0 reverse transcription-PCR machine (Roche Diagnostics, Indianapolis, IN, USA) as previously described (Peng and Jahroudi, 2002) . Reaction conditions were as follows: 1 ml of DNA in every reaction, total 45 cycles, denaturation at 951C for 2 s, annealing at 601C for 5 s, elongation at 721C for 10 s. Sequences of the primers for PCR and real-time quantitative PCR are provided in Supplementary Information.
Statistical analysis
All data are presented as means with corresponding standard deviation shown as error bars. Statistical evaluations were carried out using paired Student's t-test. 
